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Model independent search for signals of heavy Z' gauge 
bosons in low-energy four-fermion processes is analyzed. It 
is shown that the renormalizability of the underlying theory 
containing Z' , formulated as a scattering in the field of heavy 
virtual states, can be implemented in specific relations be- 
tween different processes. Considering the two-Higgs-doublet 
model as the low-energy basis theory, the two types of Z' in- 
teractions with light particles are found to be compatible with 
the renormalizability. They are called the Abelian and the 
"chiral" couplings. Observables giving possibility to uniquely 
detect Z' in both cases are introduced. 



I. INTRODUCTION 

The existence of the heavy Z' gauge boson is predicted 
by a number of grand unified theories (GUT's) and su- 
perstring theories Q. The mass of this particle is ex- 
pected to be of order mz> > 500 GeV, and therefore it 
cannot be produced at present day accelerators. Vari- 
ous strategies of searching for signals of Z' as a virtual 
heavy state were developed and different observables con- 
venient for its experimental detection have been intro- 
duced (see the survey Q and references therein). The 
model-dependent and model-independent Z 1 searches at 
e + e~ colliders are discussed (see, for instance, the re- 
port A popular model assumes that at low energies 
the Z interactions with ordinary particles of the Stan- 
dard Model (SM) can be described by the effective gauge 
group SU(2)l x U(l)y x U(l). An alternative choice is 
the gauge group SU(2) L xSU(2) fl xU(l) s _ L §,§. These 
models are considered as the remnants of underlying the- 
ories which are not specified. The low-energy effective 
Lagrangians (EL) take into consideration the most gen- 
eral property of renormalizable theories, ensured by the 
decoupling theorem |||| - the dominance of renormal- 
izable interactions at low energies. The interactions of 
non-renormalizable types, being generated at high ener- 
gies due to radiation corrections, are suppressed by the 
inverse heavy mass 1/mz'- Therefore, it is possible not 
to consider them in leading order at lower energies. An- 
other popular description is the introduction of the EL, 
considered as the sum of all effective operators with di- 
mensions n > 4, constructed from the fields of light par- 
ticles. The coefficients at these operators are treated as 
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independent unknown numbers to be determined in ex- 
periments. For more details see Ref. [Q. In general, the 
number of possible Z' couplings is large. So, it is difficult 
to introduce observables allowing a unique detection of 
Z' signals. In this regard, it is desirable either to de- 
crease the number of the independent Z' parameters on 
some reasonable grounds and to introduce observables 
most sensitive to the Z' virtual states. In any case, the 
main idea is to find correlations between the Z' couplings 
at low energies. 

A straightforward way to find the correlations is to 
specify the underlying theory describing interactions at 
energies ~ Aqut and to consider running of the couplings 
from high to low energies ~ my/ by using the renormal- 
ization group (RG) equations. In this approach, each 
underlying theory leads to the unique values of the pa- 
rameters and, hence, the corresponding correlations are 
model dependent ones. Another way is to specify a basis 
low-energy theory (for instance, the SM can be chosen) 
and to determine the relations between the Z' parame- 
ters, following from some model independent arguments. 
These correlations are to be model independent. Nat- 
urally, they remain dependent on the chosen basis low- 
energy theory. 

In Refs. the method for derivation model inde- 
pendent correlations between the parameters of physics 
beyond the SM has been developed, and new observables 
convenient in searching for the Z' boson in four-fermion 
processes were introduced. This approach is based on 
principles of the RG and the decoupling theorem J5| . As 
it was argued, any virtual heavy particle can be treated 
as an "external field" scattering the SM particles. The 
vertex describing interaction with the field contains a nu- 
meric factor, which is considered as an arbitrary parame- 
ter. Actually, it is generated by the decoupling and there- 
fore depends on the underlying model. Due to renormal- 
izability, the scattering amplitude in the "external field" 
satisfies some simple relation (named RG relation) , which 
includes the (3 and 7 functions entering the RG equation. 
These functions have to be calculated with the light par- 
ticles only, and the vertex factor. Hence, relations be- 
tween different vertex factors follow. Then, they can be 
implemented in a number of model independent observ- 
ables corresponding to the specific heavy virtual state, in 
particular, to the Z' gauge boson ||. 

In Ref. II as the low-energy basis model the minimal 
SM (with one scalar doublet) has been chosen. How- 
ever, at present there is a few information about the 
scalar fields. In this regard, the theory with two scalar 
doublets is intensively studied JToJTlf] . The two-Higgs- 
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doublet model (THDM) is also known as the low-energy 
limit of some Eg based GUT's, which predict the Z' gauge 
boson. In the present paper, the results of Ref. || are 
generalized to the THDM case. We analyse in detail 
both the Abelian and the so called "crural" types of the 
Z' couplings to light particles. As the latter type is con- 
cerned, it was derived as follows. We first assumed the 
most general parametrization of Z' interactions with the 
SM fields and then derived the generator structures, com- 
patible with the renormalizability. As it will be shown 
in what follows, there is an important difference between 
these two types of interactions. 

Thus, in order to derive the model independent con- 
straints we choose the THDM as the low-energy basis 
theory (notice, the minimal SM is a particular case of 
the THDM). Then, we introduce a general parametriza- 
tion of linear in Z' couplings, which is independent of the 
specific underlying theory. As a result, the derived RG 
correlations are model independent ones. They hold for 
the THDM as well as for the minimal SM. Moreover, the 
existence of other heavy particles with masses m, > 
does not affect these correlations. 

As it will be shown, there are two completely different 
sets of the Z' couplings to the SM fields compatible with 
renormalizability. The first one describes the Abelian Z 1 , 
which respects the additional U(l) symmetry of the low 
energy EL. In this case the Z' couplings to the axial- 
vector fermion currents have a universal absolute value. 
The second set corresponds to the chiral Z', which inter- 
acts with the SM doublets, only. One has to distinguish 
these neutral Z' gauge bosons because they are described 
by different operators. 

The content is as follows. In Sec. || the general 
parametrization of interactions involving the Z' and the 
SM fields is introduced. The RG correlations between 

In Sec. |v| they 



the Z' couplings are derived in Sec. Ill 



are compared with the specific values of the Z' couplings 
in the GUT's based on the Eg group. In Sec. |\] the 
observables convenient in detection of the Z' signals are 
proposed. The results of our investigation are discussed 
in Sec. 



low energies ~ mw- The non-renormalizable interactions 
generated at high energies due to radiation corrections 
are suppressed by the inverse heavy mass l/mz> (or by 
other heavier scales 1/Ai <C 1 /mz' ) and therefore at low 
energies can be neglected in leading order. We assume 
that the Z' is the only neutral vector boson with the mass 
~ mz> , and the Z' gauge field enters the theory through 
covariant derivatives with a corresponding charge. We 
also assume that the SU(2)i x U(l)y gauge group of the 
SM is a subgroup of the GUT group. In this case, a 
product of generators associated with the SM subgroup 
is a linear combination of these generators. As a con- 
sequence, the all structure constants connecting two SM 
gauge bosons with Z' have to be zero. Hence, the in- 
teractions of gauge fields of the types Z'W + W~ , Z' ZZ, 
and other are absent at tree level. 

Let 4>i (i = 1,2) be two complex scalar doublets: 



V2 



(1) 



where Vi marks corresponding vacuum expectation val- 
ues, af are complex fields, and bi, Ci are real fields. By 
diagonalizing the quadratic terms of the scalar potential 
V(<pi,<p2} one obtains the mass eigenstates: two neutral 
CP-even scalar particles, H and h, the neutral CP-odd 
scalar particle, Aq, the Goldstone boson partner of the 
Z boson, X3, the charged Higgs field, H^, and the Gold- 
stone field associated with the boson, x ± '■ 

a~l = x + cos f3 — H + sin /3, a \ = H + cos (3 + \ + sm Pi 
c i = X3 cos/3 - A Q sin/3, c 2 = A Q cos/3 + %3 sin/3, 
bi = Hcosa — hsma, 62 = hcosa + Hsma, (2) 



where 



tan/3 = — , 
Vi 



(3) 
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and the angle a is determined by the explicit form of 
the potential V((f>i, <\>i). For instance, the CP-conserving 
potential, which has only CP-invariant minima, can be 
used lioM: 



II. PARAMETRIZATION OF THE Z 1 
COUPLINGS 

In the present paper we analyze the four-fermion scat- 
tering amplitudes of order ~ w^? generated by the vir- 
tual Z 1 states. Vertices of interactions with more than 
one Z' field contribute to the amplitudes involving sev- 
eral virtual Z 1 states. The latter processes have order 
m^t and higher. Therefore, in what follows we consider 
the linear in Z' vertices, only. 

To introduce a general parametrization of the vertices 
involving the SM fields and being linear in the Z' field, 
let us impose a number of natural conditions. First of 
all, the renormalizable type interactions are dominant at 



V = 



Z 



■fifih + Xi(<p\<pi) 2 + A3(Re[^ 2 ]) 5 



+A 4 (In# t 1 </> 2 ]) 2 + A 5 (<^i)(4<fe). 
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It is consistent with the absence of the tree-level flavor- 
changing neutral currents (FCNC's) in the fermion sec- 
tor. The corresponding value of a is pT| 



tan 2a 



V1V2 (A 3 + As) 
Xivl ■ 



(•5) 



At low energies, when all heavy states are decou- 
pled, the Z' interactions with the scalar doublets can 
be parametrized in a model independent way as follows 
§: 
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where g, </, 5 are the charges associated with the SU(2)i, 
U(l)r, and the Z' gauge groups, respectively, a a are the 
Pauli matrices, 



Y^.i 
Y^ 2 



(J) 



is the generator corresponding to the gauge group of the 
Z' boson, and Y^ i is the U(l)y hypercharge. The con- 
dition Y r j >i = 1 guarantees that the vacuum is invariant 
with respect to the gauge group of photon. 

The vector bosons, A, Z, and Z', are related with the 
symmetry eigenstates as follows: 



B — > AcosOw — {Z cos #0 — Z' sin0 o ) sin#w, 
W3 — * A sin Qtjv + (Zcos#o — Z' sin #0 ) cos 9w , 
B ->■ Z sin 9 + Z'cos6 Q , 



(8) 



where t'dnOw = g'/g is the adopted in the SM value of 
the Weinberg angle, and 



gm^ fF0 lj2 cos 2 /3 
tan 8q — — - — 7. 



g cos 9w (m%i — ni>w I cos2 ^ 



- Y^sin 2 /3j 



>w) 



m 



w 



(9) 



/m|, 



As is seen, the mixing angle 9q is of order 
That results in the corrections of order ~ m 2 ^ / m 2 z , to the 
interactions between the SM particles. To avoid the tree- 
level mixing of the Z boson and the physical scalar field 
A® one has to impose the condition Y^^ = ^0 2 ,2 = ^0,2- 
Now, let us parametrize the fermion-vector interac- 
tions introducing the effective low-energy Lagrangian 

'TIT 



+i E /*V - ig'B^Qf - jB^Yrj) f R) (10) 
Sr 

where the renormalizable type interactions are admitted 
and the summation over the all SM left-handed fermion 
doublets, f L = {{fu)L, and the right-handed sin- 

glets, f R = (f u )R, (fd)R, is understood. Q f denotes the 
charge of / in the positron charge units, 



Y, 



fL 



Ylj u 
Y LJd 



(11) 



and Yf L equals to —1 for leptons and 1/3 for quarks. 



Renormalizable interactions of fermions and scalars are 
described by the Yukawa Lagrangian. To avoid the ex- 
istence of the tree-level FCNC's one has to ensure that 
at the diagonalization of the fermion mass matrix the 
diagonalization of the scalar-fermion couplings is auto- 
matically fulfilled. In this case the Yukawa Lagrangian, 
which respects the SU(2)l x U(l)y gauge group, can be 
written in the form: 



(121 



where <$>\ = i<T2</>* IS the charge conjugated scalar dou- 
blet, and the Cabibbo-Kobayashi-Maskawa mixing is ne- 
glected. Then, the fermion masses are 

2mw 
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(G/,i cos/3 + Gf } 2 sin/3) . 



(13) 



As was shown by Glashow and Weinberg |RJ] , the tree- 
level FCNC's mediated by Higgs bosons are absent in 
case when all fermions of a given electric charge couple 
to no more than one Higgs doublet. This restriction leads 
to four different models, as discussed in Ref. Jll[]. In what 
follows, we will use the most general parametrization ( p^ ) 
including the models mentioned as well as other possible 
variations of the Yukawa sector without the tree-level 
FCNC's. 

By using Eqs. (||), (|l0|), and ( |l2| ) it is easy to derive 
the Feynman rules which are collected in Appendix |aJ. 



III. RG RELATIONS 

In this section we consider the correlations between the 
parameters Ylj, Yr,/, Y^ u \, and Y^,2 appearing due to 
the renormalizability of an underlying theory. 

As is known, S'-matrix elements are to be invariant 
with respect to the RG transformations, which express 
the independence of the location of a normalization point 
k in the momentum space. In a theory with different 
mass scales the decoupling of heavy loop contributions 
at the thresholds of heavy masses, A, results in the im- 
portant property of low energy amplitudes: the running 
of all functions is regulated by the loops of light parti- 
cles. Therefore, the (3 and 7 functions at low energies are 
determined by the SM particles, only. This fact is the 
consequence of the decoupling theorem || . 

Actually, the decoupling results in the redefinition of 
the parameters of the theory at the scale A and removing 
the all heavy particle loop contributions proportional to 
In k from the RG equation (^Jl^l : 



A„ 



A 2 



A 2 



A a + a\ a In — t- + b Xa In 

K K 



A 2 



A 2 



X = X 1 + a x In + b x Ixi 

\ Kr k z 



(14) 
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where we use the notation A a to refer to the charges, and 
X represents the all fields and masses. Hats over quanti- 
ties mark the parameters of the underlying theory. They 
include the loops of both the SM and the heavy parti- 
cles, whereas the quantities without hats are calculated 
assuming that no heavy particles are excited inside loops. 
The matching between the both sets of parameters (A a , 
X and A a , X) is chosen to be done at the normalization 
point k ~ A, 



A„ 



A„ 



X 



X 



(15) 



Since the sets of parameters A a , X and A a , X differ at 
one-loop level, it is possible to substitute one set by an- 
other. 

As is shown in Ref. ||, the redefinition of fields and 
charges ( |l4|) allows one to eliminate the one-loop mixing 
between heavy and light virtual states. Therefore, virtual 
states of heavy particles can be treated as the "external 
fields" scattering SM particles. The renormalizability of 
the underlying theory leads to some relations for vertices 
describing this scattering, called the RG relations. 

Let us consider the four-fermion amplitudes caused 
by the Z' boson exchange. In the lower order in ratio 
m w/ m z' t ne process fxfi — > Z'* — > 72/2 can be pre- 
sented as scattering of the initial, fi, and the final, /2, 
fermions in the "external field" 1/mz' with the corre- 
sponding vertex factors Y f^z 1 , ^ f 2 z> ■ The quantity Tfz> 
contains no contributions of heavy particle loops. Thus, 
it can be computed as a linear combination of the pa- 
rameters Y L j, Yrj, F^,i, and F^,2- 

The RG invariance of the vertex leads to equation 



1 



= 0, 



(16) 



where the effective low-energy RG operator || is defined 
as follows: 



V 



Pa 



d 



d 



d In k 



d 



lx 



X 



ainJC' 



lx 



d\nX 
d\nn ' 



(17) 



and the coefficient functions (3 a and "fx are computed 
taking into account the loops of light particles. 

Relation ( |l6| ) ensures that, as a consequence of renor- 
malizability, the mathematical structure of the leading 
logarithmic terms of the vertices, calculated in one- and 
higher-loop approximations, coincides with that of the 
tree-level structures. The standard usage of Eq. ( |l6| ) is 
to improve scattering amplitudes calculated in a fixed or- 
der of perturbation theory. In contrast, in what follows 
we will apply Eq. ( |l6| ) to obtain an algebraic relation 
between the parameters Y^j, Yrj, Y^ u i, 5^,2) which 
are to be considered as arbitrary numbers, since the un- 
derlying theory is not specified. Let us explain the idea 
in more detail. In case when the underlying theory is 



specified {Ylj, Yrj, Y^i, Y^,2 have to be computed 
as discussed before), and the (5 and 7 functions as well 
as the S'-matrix elements are calculated in a fixed order 
of perturbation theory, Eq. (|l^ ) is just the identity. If 
the underlying theory is not specified, whereas the (5, 7 
functions and S'-matrix elements are computed in a fixed 
order of perturbation theory, equality ( |l6| ) may serve to 
correlate the unknown parameters Y. In case of the four- 
fermion processes mediated by the gauge Z 1 boson, the 
number of independent (3 functions is less than the num- 
ber of RG equations. Therefore, the non-trivial system of 
equations correlating the originally independent param- 
eters occurs. 

The one-loop RG relation for the fermion-Z' vertex is 



Ml 
f — —f- 

d In k ' 



mz' 



m z > 



(18) 



where T^g, and T^g, denote the tree-level and the one- 
loop level contributions to the fermion-Z' vertex, and 
is the one-loop level part of the RG operator, 



d 



(1) 



d 



Tx 



x 



d\nX' 



(19) 



As it follows from Eq. (fig), only the divergent parts 

of the one-loop vertices ry^/ are to be calculated. The 
corresponding diagrams are shown in Fig. [l]. The follow- 
ing expressions for the right-handed and the left-handed 
fermions, respectively, have been obtained, 



dlriK 



+G 2 



/•2 
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2T f 

2T) 



w 



Y 



<p,2 



Y 



01,1 



2 v 

^9 s jYrj 

+ Y L j + Ylj* 



Yi 



LJ 



Y, 



LJ* 



or 



f L Z' 



dliiK 



8tt 2 

+9 2 Ylj 

+ (eh 



-at f Y< 



1 



4 cos 2 9 



\v 



f*LJ 



(Q 2 f 



|Q/|)tan 2 



r 2 



)( 



Yrj — 2TjY^ t 2 



+G 2 



f*,2 



27^,1 



Yrj 
Yrj*) 



-O 



(20) 



where / and /* are the partners of a SU(2)i fermion 
doublet (namely, I* = v u v\ = I, q* = q d , and q* d = q u ), 
is the third component of the weak isospin, and g s j 
is the QCD charge for quarks, and zero for leptons. 
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FIG. 1. One-loop contributions to the divergent part of 



The fermion anomalous dimensions can be calculated 
by using the diagrams of Fig. || 
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16tt 2 



g 2 Q) tan 2 W + + 2 (G 2 4 + G 2 . 2 ) 
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16vr 2 



9 2 (<2/ ~ IQ/I) tan 2 9 W + ^g 2 sJ + £ 
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7 H ' 



(21) 
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FIG. 2. One-loop contributions to the fermion mass oper- 
ator. 



RG relations ( |l8| ) considered in a lower order in 
m w/ m z' l eaa - to the equations for the parameters Ylj, 
Yrj, Yfa,i, and Y^x- 

(!) \ 




Y L j + Y L j*-2Y R j 
Y L j+Y L j*-2Y RJ 



x2 ^ 'm 2 , 



Yi 



LJ 



Y, 



LJ' 



9" / 2 

(G 2 a + G 2 j2 ) (27^,2 + - Yrj 



, a (w^x - Y L j + Y RJ < 



(22) 



One has to derive two sets of relations, which ensure 
the compatibility of Eqs. (22). The first one is 



J>2,1 — Y c j >1: i — — Y^,2 = —Ycj,, 
Y L j + Y L j* = 0, Y RJ = 0. 



(23) 



It describes the Z' boson analogous to the third compo- 
nent of the SU(2)x, gauge field. The characteristic fea- 
tures of these interactions are the zero traces of gener- 
ators and the absence of couplings to the right-handed 
singlets. In what follows, we shall call this type of inter- 
action the "chiral" Z' '. The second set, 



Y 



Y, 



02,1 



Y 



0,2 



Ya 



Ylj = Y 



LJ" 



Yrj = Y LJ + 27}% 



(24) 



corresponds to the Abelian Z' boson. In this case the 
SM Lagrangian appears to be invariant with respect to 
the U(l) group associated with the Z' . The first and 
the second relations in Eqs. (|i|) mean that appro- 
priate generators are proportional to the unit matrix, 
whereas the third relation ensures the Yukawa terms 
to be invariant with respect to the U(l) transforma- 
tions. Introducing the Z' couplings to the vector and 
the axial- vector fermion currents, v^, = {Ylj + Yrj)/2, 
n * = (Yrj — Yl. f)/2, one can rewrite the second and 



the third of Eqs. (24) in the following form: 



.,/* 



l Z' ' 



T f Y <P 



(25) 



As is seen, the couplings of the Abelian Z' to the axial- 
vector fermion currents have a universal absolute value 
proportional to the Z' coupling to the scalar doublets. 
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The solutions derived are the same as in case of the min- 
imal SM considered in Ref. |§. Notice that both of cor- 
relations ([23]) and (]24|) lead to the same Z' couplings to 
each of the scalar doublets. 

Notice, in case of the Abelian Z' boson the correlations 
(^4|) , (|25|) can be derived on related but formally differ- 
ent grounds. The point is that the renormalizability and 
gauge invariance of interactions are closely connected. 
Therefore, the requirement of renormalizability can be 
substituted by the requirement of gauge invariance of the 
effective low-energy Lagrangian. 

In general, the EL respects by construction various 
[and, in particular, ?7(1)] symmetries. But if non- 
renormalizable interactions are admitted, no relations be- 
tween the arbitrary parameters can be found. If only 
the renormalizable interactions are taken into account, 
as in Eq. (|Io|), some correlations appear. In fact, to 
obtain formulae (|24|) , (f25|) it is sufficient to require the 
U(l) gauge invariance of the Yukawa terms. Note also 
that the correlations in Eq. ( |25| ) are the same as in the 
SM for the specific values of the hypercharges Yt and 
Yfj, corresponding to the U(1)y gauge transformations of 
fermion and scalar fields. On the other hand, we did not 
find any symmetry requirement describing the all pos- 
sible relations following from Eq. ((2^). Therefore, the 
renormalizability requirement looks as more general one. 



IV. RG CORRELATIONS AND THE Z' IN E B 
BASED MODELS 

Over last decades the GUT's based on the E 6 gauge 
group Q are intensively studied. They predict the 
Abelian Z' boson with the mass mz 1 3> m\y. Since the 
low-energy limit of the E 6 GUT's is the THDM consid- 
ered, it is of interest to check whether relations (^5|) hold 
for the specific values of the Z' couplings in these models. 

There arc different schemes of the Eg-symmetry break- 
ing. One of them is 

E 6 ^SO(10) xU(l) f 
SO(10) -> SU(3) C x SU(2) L x SU(2) fl x 

xU(l) B _i. (26) 

This leads to the so called left-right (LR) model. Another 
scheme, 

E 6 -> SO(10) x U(l)^ -> SU(5) x U(l) x x U(l)^, (27) 

predicts the Abelian Z', which is a linear combination of 
the neutral vector bosons ip and x, 



Z' = x cos ft + 4> sin 0, 



(28) 



where (3 is the mixing angle. 

In Table I (sec Rcf. §) we show the Z' couplings to 
the SM fermions in models mentioned (notice, the sign of 
axial-vector couplings in Ref. Q is opposite to the sign 



of a z , ). At first glance, some of the couplings in Table I 
are inconsistent with relations (25). This requires to be 
discussed in more detail. 

First of all, let us consider the Z' couplings to neutri- 
nos. It is usually supposed in theories based on the F,q 
group that the Yukawa terms responsible for generation 
of the Dirac masses of neutrinos must be set to zero [[l5| . 
Therefore, there are no RG relations for the Z' inter- 
actions with the neutrino axial-vector currents, because 
the terms proportional to G v .i vanish in Eq. (|22|). In this 
case the couplings a z , given in Table I are not restricted 
by relations (p5|). 

Now, let us discuss the Z' couplings to charged leptons 
and quarks. The values of the couplings satisfy relations 
(^||) in case of the LR model. As for models described by 
the Eg breaking scheme (|27]) , two possibilities of choosing 
P are of interest. First is if the ip boson is much heavier 
than the \ field. In general, this is a natural condition, 
since the fields ip and x arise at different energy scales. As 
a consequence, the field ip is decoupled, and the mi xing 
angle is small < 1). In this case RG relations ( |2q ) 
hold in lower order in (3 for the Z' couplings to quarks 
and charged leptons. 

The second possibility is if the masses of x an d tp 
are of the same order. This means the tuning of the 
vacuum expectation values generating the vector boson 
masses. This case cannot be treated straightforwardly on 
the basis of relations (25) since the mixed states of the Z' 
bosons have to be included into consideration explicitly. 
Although our approach is applicable in this case, it re- 
quires additional investigation. Moreover, the Z' mixed 
states cause some different exchange amplitudes, which 
have to be incorporated into low-energy observables. In 
what follows, we will not discuss the case of two Z' bosons 
having masses of the same order. 



V. OBSERVABLES 

Now, let us introduce the observables convenient for 
detection of the Z' in electron-positron annihilation into 
fermion pairs e + e~ — * V* —*//(/ 7^ e,t). The 
center-of-mass energy is taken in the range yfs > 500 
GeV. Consider the case of non-polarized initial and fi- 
nal fermions. Since the t quark is not considered, other 
fermions at these energies can be treated as massless par- 
ticles, rrif ~ 0. In this approximation the left-handed 
and the right-handed fermions can be substituted by the 
helicity states, which will be marked as A and £ for the 
incoming electron and the outgoing fermion, respectively 
(\,£ = L,R). 

Let Ay be the Born amplitude of the process e + e — > 
V* —>•//(/ 7^ e, t) with the virtual U-boson state in the 
s channel (V = A, Z, Z'). The Z' boson existence leads to 
the deviation of order ~ rri^J of the cross section from its 
SM value. In general, the tree-level deviations originate 
from two types of contributions. The first is caused by 



G 



the Z-Z' mixing. Using the results of Sec. [II the mixing 
le 9 [see Eq. §)} can be calculated as follows, 



day 
dz 



dz ■ 



(34) 



<?cos 9wm 2 z , 



(29) 



Because of the mixing there are corrections of order 9q ~ 
m^, 2 to the vertex describing interaction of Z boson and 
fermions. Hence, the amplitude Az(9o) deviates from 
its SM value Az{9q — 0). The second type describes 
the interference between the SM amplitude, -4sm, and 
the Z' exchange amplitude, Az> ■ Thus, for the process 



// the deviation of the cross section is 



A 



doj_ 

dn 



doj_ 

dn 



da 



f,SM 



dn 



where 



Re [A* SM AA 
32ns 



O 



(30) 



The conventionally used observables - the total cross sec- 
tion (Jf^T and the forward-backward asymmetry Af t pB ~ 
can be obtained by a special choice of z [o/,t = cr /( — l)i 
Af t FB — tT /(0)/ fT /,T]- One can express a/(z) in terms of 
cx/^t and Af,pB- 



CT /( Z ) = O-/,! 



.4 



f,FB 



(l-, 2 )-^( 3 + z 2 ) 



(35) 



Then, the deviation Aaj{z) = 07(2) — c/,sm(z) can be 
written in the form: 



x ( P A P ? -z- z'PxP 6 - — 



(36) 



Asm = A A + A z \g 0=0 , AA = A Z < 



( dAi 



\ d9 a 



8n=0 



(31) 



The quantity Ada / dn can be calculated in the form 



s)+M%(a)] (z + PxPtf, (32) 



where Pl = — 1, Pr = 1, z = cos (6* is the angle between 
the incoming electron and the outgoing fermion) , de- 
notes the Z-Z' interference term, and M e ^ accounts of 
the contributions from the Z-Z' mixing: 



T 



a cm g 2 T^N f _ . 
emy f f -Y x>e Y u [\Q f \ 



Anm 2 z , 



M 



+ X (s) (Pa - e) (P 5 
a cm ggTfN f 6 Q 

4ircos6w(s — m 2 z) 

+ 2TfY x , e (2\Qf\sm 2 9 w 



-l + IQ/|-|0/|e)]» 
Y u (S x ,l -2sin 2 9w) 



[\QA 



+ X (s) (Px -e)(P € -l+ \Q f \ - \Q f \e)] , (33) 

where a cm is the fine structure constant, Nf = 3 for 
quarks and Nf — 1 for leptons, e = 1 — 4 sin 2 9w ~ 0.08, 
X" 1 (s) = 16 sin 2 9w cos 2 #w(l — m%/s), and is the 
Kronecker delta. The leading contribution comes from 
the Z-Z' interference term , whereas the Z-Z' mixing 
terms are suppressed by the additional factor m 2 z / s. At 
energies Js > 500 GeV M\{ « Itl. 

/I — I /I — I 

To take into consideration the correlations ( |23| ) or fl24| ) 
let us introduce the function <t/(z) defined as the differ- 
ence of cross sections integrated in a suitable range of 
cosfl il: 



Let us compare the observable Aaf(z) with the differen- 
tial cross section ([52]). As is seen, the polynomial in the 
polar angle z in Eq. (|32|) is replaced by the function of 
the boundary angle z in Eq. ([36|). The overall factor An 
appears due to the angular integration. 

In what follows, we consider the observable (|3^) taking 
into account correlations (E3|) and (E4). 



A. Chiral Z 1 

The case of the chiral Z' corresponds to correlations 
(p3|). Because of absence of the Z' couplings to right- 
handed fermions the leading contribution to Ao/(z) is 
proportional to the same polynomial in z for any outgoing 
fermion /: 



Aa f (z)^4nT L {( S )(l 



a cm g 2 TfN f 

—2 Y L,eYLJ 



l-z-z 2 

3 



x{[\Q f \ + 2 X (s)-\Qf\x(s)}+0(e)}. (37) 

Therefore, the differential cross section is completely de- 
termined by the total one: 



Aaf(z) = Aery.T 



r3 



l 



+0(e,m 2 z s x ) 



(38) 



Comparing the observables for fermions of the same 
SU(2)i isodoublet, {f u ,fd}, it is possible to derive the 
correlation: 



\Q 



fu 



1 



\Qu 



(39) 
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Hence, the ratio Ao-/ u (z)/A<7/ d (z) is independent of z. 
It equals to 5/4 for quarks and 1/2 for leptons in lower 
order in e, m|s -1 . So, the values of the observables in the 
A<7/ u (z) - Aaf d (z) plane are at the same curve (straight 
line in the approximation used) for any z specified. 

It also follows from Eq. (|37j ) that there is a value z = z' 
when Aa(z') = 0. As one can check, z' = 2 2 / 3 — 1. 
Notice, the observable Aa(z') is just the variable Ac_ 
proposed in Ref . . This quantity is completely insen- 
sitive to the chiral Z' signals. On the other hand, the 
deviation of the total cross section, Act, is more sensi- 
tive to signals of the chiral Z\ since the maximum of the 



polynomial 1 



j /3 is at z = —1. 



B. Abelian Z' 



The Abelian Z' beyond the minimal SM was consid- 
ered recently in Ref. ||, where sign-definite observables 
convenient for detection of the Abelian Z' have been in- 
troduced. RG correlations ( |24| ) in Sec. [II coincide with 
that of Ref. Therefore, the observables for Abelian 
Z' beyond the THDM are to be the same as in case of 
the minimal SM. 

In case of the chiral Z 1 the RG correlations ( p^ ) sup- 
press amplitudes corresponding to the processes with 
right-handed fermions. This is not the case for the 
Abelian Z' . However, one can switch off some contri- 
butions to observable ([56]) by specifying the kinematic 
parameter z. In what follows, it will be convenient to 
use the Z 1 couplings to vector and axial-vector fermion 



currents [v z , = (Y LJ + YrA/2, a z , = (Y RJ - Y LJ )/2]. 
Because of correlations (Eq) the absolute value of the 
axial- vector couplings is universal for the all types of SM 
fermions, az> 
form 



Y^. So, the observable Aaf(z) has the 



Aa f (z) 



a cm g 



f£(z, s)a 2 z , + T{{z, s)v z ,v f z , 



+J r z{z, s)a Z 'V z , + T[(z, s)v e z ,a z > 



(40) 



As it was argued in Ref. S , one is able to choose the value 
of z = z* , which switches off the leading contributions 
to the leptonic factors T[, T l 2 , and the factor T^. The 
appropriate value of z* can be found from the equation 



X(s) (1 



z + 



— ) [1 + X(s)e 2 ] 



0. (41) 



The solution z*(s) is shown in Fig. ||. This switches off 
the factor at v z ,v z ,. As is seen, z* decreases from 0.317 
at ^/s = 500 GeV to 0.313 at ^ = 700 GeV. In what 
follows the value of \/s is taken to be 500 GeV, because z* 
and Atr(z) depend on the center-of-mass energy through 
the small quantity m z /s (such contributions are of order 
3%). 



0.320 - \ Z* 



0.318 - 



0.316 - 



0.314 - 



0.312 - 



500 600 700 4S 
FIG. 3. z* as the function of y/s(GeV). 



With the above discussed choice of z* made, one can 
introduce the sign definite observable Acr/(z*): 

~2 

Act;(z ) = — —F {z ,s)a z , 
m%, 

= -0.10 [1 + O (0.04)] < 0. (42) 

m%, 

Notice, the value of Aai(z*) is universal for the all types 
of SM charged leptons. There are also sign definite ob- 
servables for the quarks of the same generation: 

Aa q {z*) = Aa qu + 0.5Aa Qd ~ 2.45Acr ; (z*) < 0. (43) 

Hence one can conclude that the values of Aa qu (z*) and 
Aa qd (z*) in the Aa qu (z*) - Aa qd (z*) plane have to be 
at the line crossing the axes at the points Aa qu (z*) = 
2.45Acr ; (z*) and Aa qd (z*) = A.9Acri(z*), respectively 

Signals of the Abelian and the chiral Z' are compared 
in Figs. ^-^[ Suppose for a moment that experiments 
give the non-zero values of leptonic observables Aai{z*) 
(I = /i,r). If they correspond to the Abelian Z' , either 
of the observables has to be the same negative number. 
Let one also know the values of the neutrino observables 
Aa v (z*) (v — iv„,i/ T ). In case of the chiral Z' the cor- 
responding point in Fig. [| has to be at the straight line 
shown (with the accuracy of the approximation). For 
the Abelian Z' the shaded region as a whole is available. 
Now, let us consider observables for the quarks of the 
same generation (see Fig. ||) . If the value of the leptonic 
observable Aai(z*) is measured, one has to expect that 
the experimental points will be located at one of two pos- 
sible curves corresponding either to the chiral or to the 
Abelian Z' . The shaded range represents signals of the 
Abelian Z' for the all possible values of the leptonic ob- 
servable. So, by measuring the observables Atjf(z*) for 
fermions of the same SU(2)i isodoublet, one is able to 
distinguish the Abelian and the chiral Z' couplings. 
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Abelian Z' 









Aa^z*) 

FIG. 4. Signals of the Abelian and the chiral Z' in the 
plane of observables Aa qi (z*) and Acr q (z*) for leptons of 
the same generation. The shaded area represents the signal 
of the Abelian Z' for all possible values of the axial-vector 
couplings dg, . 




Aa/z*) 

FIG. 5. Signals of the Abelian and the chiral Z' in the 
plane of observables Aa qa (z*) and Aa Qu (z*) for quarks of 
the same generation. The shaded area represents the signal 
of the Abelian Z' for all possible values of the axial-vector 
couplings a-L. 



VI. DISCUSSION 

In the present paper the method of RG relations |^],[l7| , 
developed originally for the minimal SM, is extended to 
searching for signals of the heavy Z' gauge boson beyond 
the THDM. General conditions when our consideration 
is applicable are the following. 1) The mechanism gener- 
ating the heavy particle masses is not specified, and the 
Z' mass is treated as an arbitrary parameter. 2) The 
light particle masses are generated in a standard way via 



the non-zero vacuum values of the scalar fields of the 
low-energy basis theory. Interactions of light particles 
with heavy scalar fields, which are responsible for mz>, 
are excluded at tree level. The radiation corrections to 
the masses due to heavy particle loops are suppressed by 
factors ~ 0{m\i g \ lii /mz'), and therefore not taken into 
account. This kind of the mass hierarchy corresponds 
to the case when the basis theory is a subgroup of the 
underlying high energy model remaining unknown. 

As our consideration shown, only two types of the Z' 
couplings to light particles are consistent with the renor- 
malizability. The first type corresponds to the Abelian 
couplings respecting the U(l) symmetry of the effective 
Lagrangian (10). In this case, the RG correlations fix the 
gauge symmetry of the Yukawa terms, which relates the 
fermion and the scalar hypercharges. As a consequence, 
the Z' couplings to the axial-vector fermion currents are 
completely determined by the scalar field hypercharge 
and the fermion isospin. The second set of solutions - chi- 
ral Z 1 - describes interactions with the SM particles simi- 
lar to the third component of the SU(2) 1 gauge field. The 
characteristic feature of the latter couplings is the zero 
traces of generators associated with the Z' . Notice that 
the Z' interactions of the chiral type result in the effec- 
tive four-fermion couplings {JiLl ll v a fiL^hLl^^ 0, hi.) 



described by the operators o[f \ C^?, and O qq '"' accord 



,(l,3) 



ing to the classification in Refs. |18fl . Since each type 
of the Z' interactions corresponds to one of mentioned 
operators, there is a possibility to select interactions by 
constructing the proper observables. As was shown, the 
observables proposed in Ref. (|] can be chosen in search- 
ing for the Abelian Z' boson. Thus, the bounds on the 
Z' couplings calculated therein are also applicable in case 
of the THDM. 

The above note is important for the model independent 
search for Z' virtual states at LEP2 and future colliders 
LHC and NLC. In the analysis of experimental data no 
discriminations between these two cases have been dis- 
cussed in literature (see, for instance, recent survey Q| 
or report ||). This difference should be important for 
the model-dependent Z' search when different scenarios 
of symmetry breaking are discussed. 

We believe that the derived RG relations to be use- 
ful in improving of experimental bounds on either the 
parameters of the Z 1 interaction with fermions and on 
the relations between the cross sections of various four- 
fermion scattering processes. 
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APPENDIX A: FEYNMAN RULES 

In what follows we use the notation ujl,r — (1 T7 5 )/2, 
and all the momenta in the vertices are understood to be 
incoming. The Feynman rules for vertices of Figs. [I], |2| 
are listed below: 

1. Fermion- vector vertices 



ffA u 
ffZ u 

fdfuW- 

IufdW+ 



gsm6 w QfY L ; 

I ^ (T 3 

cos 9w 

+O((?o); 

9 



:7 



7 ^ (T^LJ L -Q f sin 2 Ow) 

); 

(lu l Y L j + lurYrj^J +O(8 ); 



9 a 



+f 02il sin 2 /3 +O(9 ); 



Z'^HAq : — (p Ao -Ph)^ Y<t,a sin (a - 0) 
+O(6 ); 

Z'tfixz- yO X 3 -Ph)^^,2Cos(q!-^) 
+0(6 Q ); 

ig_ 

+O(6 ); 

ig_ 

+O(6 ). 



Z'JiAq: — (p Ao - ph) u Y<i>,2 cos (a - ft) 



2. Fermion-scalar vertices 



ffH: — (G/,i cosa + G/,2 sina) ; 
ffh : (G/,i sina — G/,2 cosa) ; 
ffA : 2iT$ (u L - u R ) 

x (Gf.i sin/3 — G/,2 cos/3) ; 
ffXs ■ ~2iTf (uj l - cor) 

x (G/,i cos/3 + G/,2 sin/3) ; 
fdf u H~ : \/2 [ui L (Gf d ,i sin/3 - G /d , 2 cos/3) 
+wr (— G/ Ul i sin/3 + G/ Ul 2 cos/3)] ; 
: V2 [ui R (G/ dj i sin/3 - G/ dj2 cos/3) 
+wl (-G/ Ui i sin/3 + G/ Ui2 cos/3)] ; 
/d/«X" : V2 (G /d ,i cos/3 + G /d , 2 sin/3) 

(G/ u ,i cos/3 + G/ u , 2 sin/3)] ; 
/«/dX + : >/2 [-Wii cos /3 + G /d , 2 sin/3) 

+w L (G /u ,1 cos /3 + G/„ ,2 sin /3)] ; 



3. Z 1 scalar vertices 



Z'^H+H- 



Z'H+x 



(Ph+ - Ph- ) ix \ sin 2 (3 



+r 02 ,icos 2 /3j +O(9 ); 

g sin 2/3 , > 
5 (p x - -Ph+) u 



Z'^H-x 1 



g sin 2/3 



O(^o); 



(Ph- - P, 



+ , 



4 * X / 



Z pX + X : I (p x + -Px-)^ (^!,iCOS 2 /3 
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TABLE I. The Z' couplings to the SM fermions in the E 6 
and LR models. 



./■ 


Eg: 




V f , 


LR: 


4' 


v f z , 


V 




o cos sin 


o cos (3 , sin {3 




i 

2a 


1 

2a 


e 




cos sin 


ry COS 






a ~ 2 


u 




cos (3 sin (3 
VIO ~~ W> 







a 
2 


_J_ + « 

3a ' 2 


d 




cos (3 sin (3 


r\ COS 




a 
2 


1 Q 

3a 2 



